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Abstract 
Sheet-bulk metal forming is a new class of sheet forming technology with intended three dimensional material flows as bulk 
forming process. This new technology usually comprises several traditional forming processes, such as drawing, upsetting, 
ironing, etc. which exhibits different strain states. The flow behaviours of 2024 aluminium alloy sheet in hot tension and 
compression were paid attention considering the effect of forming parameters including temperature and initial strain rate in this 
paper. By regression analysis, the values of deformation activation energy of different processes were calculated. To determined 
reasonable forming parameters for sheet-bulk metal forming, the power dissipation map and instability map were established 
based on dynamic materials model theory. 
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1. Introduction 
Sheet-bulk metal forming is a new class of forming technology of sheets with intended three dimensional 
material flows as bulk forming process (Merklein et al., 2012). In this technology, the bulk forming process is 
applied in combination with traditional sheet forming process to create new products mostly with varying 
thicknesses in different zones. Take a cylinder cup with original thickness bottom and thickening wall as an 
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example, because drawing cannot be used to provide a localized sheet thickening, the compressive forming process 
with capability of making the wall to be thickened can be used after drawing process. This new forming process is 
characterized by locally varying strain states, which tensile strain state prevails in sheet forming process as 
compressive strain state in bulk forming process. 
Each forming process exhibits its special flow behaviour and deformation characteristic which is associated with 
microstructure and forming parameters including temperature and strain rate (Wang et al., 2008).  Zhao et al. (2000) 
studied tensile behaviour of 2024-T3 aluminium alloy by elevated temperature tests. As the temperature increases, 
the strength decreases due to dynamic recovery and recrystallization. Seidt et al. (2013) studied the tensile and 
compressive flow behaviours of 2024-T351 aluminium plate at the conditions of varying temperature from 223 K 
to 723 K and a constant strain rate of 1 s-1. Their results showed that the stresses in compression are slightly higher 
than that in tension except at 573 K. Cepeda-Jimenez et al. (2012) carried out hot torsion test and studied high-
temperature flow behaviour of 2024-T351 alloy in large strain region. In this presented paper, the flow behaviours 
of tension and compression were studied considering the effect of temperature and strain rate. The processing map 
on the basis of dynamic materials model was established to choose the optimum hot deformation condition for 
sheet-bulk metal forming of 2024 aluminium alloy sheet. 
 
Nomenclature 
V  flow stress 
H  strain rate 
T forming temperature 
Q activation energy of deformation 
R gas constant 
G dissipation content 
J dissipation co-content 
m strain rate sensitivity 
K
 power dissipation efficiency parameter 
[  instability parameter 
 
2. Experimental procedure 
Before preparing specimens, the commercial 2024-T4 aluminium alloy sheet with thickness of 5 mm was 
treated by full annealing, in which the sheet was heated up to 683 K and kept for 2 hours, then was first cooled to 
543 K at cooling rate of 30 K/hour and subsequently cooled to room temperature in the air. Then, the thickness of 
sheet was processed to 3 mm by milling 1 mm metal from each rolling surface. Dog-bone shaped tensile specimens 
of 3 mm thickness and cuboid shaped compressive specimens with a length, width and thickness of 6 × 3 × 3 mm 
were machined from sheets along rolling direction. 
A series of hot tensile tests and compressive tests were carried out on a Zwick/Roell Z020 universal testing 
machine equipped with a furnace. Deformation parameters are the same for tensile test and compressive test, in 
which temperature is 573, 623, 673 and 723 K, and initial strain rate is 0.001, 0.01 and 0.1 s-1. The test scheme is 
shown in Fig. 1. During deformation, tensile specimens were stretched along rolling direction and compressive 
specimens were upset also along rolling direction. The tensile test was performed until material fracture, while the 
compressive test attained 50% deformation. The values of tool stroke and load were recorded automatically by data 
collection system. 
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Fig. 1. Scheme of tensile test and compressive test.  
3. Results 
3.1. Tensile stress-strain curves 
The flow stress and flow strain of tensile test was calculated on the basis of experimental data, and its 
relationship curves are shown in Fig. 2. In general, the results of stress-strain curves exhibit that the flow stress 
increases with the increase of initial strain rate or decrease of temperature. In all conditions, the tensile tests are not 
characterized by steady flow. The curves present a peak stress at a particular strain which is named as peak strain, 
and then followed by the flow softening and a sharp drop. This sharp drop is attributed to the fracture of material. 
 
 
Fig. 2. Tensile stress-strain curves at temperature of (a) 573K, (b) 623K, (c) 673K, d) 723K. 
3.2. Compressive stress-strain curves 
The true stress-strain curves of compressive tests are shown in Fig. 3. The effect of compression parameters on 
the true stress is the same as that of tensile parameters. It can be seen that the curves exhibit three kinds of states. 
When the deformation is performed at temperature of 573 K with initial strain rate from 0.001-1 to 0.1 s-1 (Fig. 3a), 
or at temperature of 623 K with initial strain rate from 0.001 to 0.01 s-1 (Fig. 3b), the flow stress exhibits a 
significant transitional drop after it comes to a peak value. As the temperature increases to 673 K, the changing 
trend of flow stress after peak becomes a slight transitional drop or a steady state (Fig. 3c). This phenomenon also 
appears at temperature of 723 K with initial strain rate of 0.001 s-1 (Fig. 3d). At temperature of 723 K with initial 
strain rate from 0.01 s-1 to 0.1 s-1, a significant increase is appeared in the whole strain scope. These various states 
have to be attributed to work hardening and dynamic softening behaviour during deformation. 
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Fig. 3. Compressive stress-strain curves at temperature of (a) 573K, (b) 623K, (c) 673K, and (d) 723K. 
The stress-strain curves obtained by tensile and compressive tests at initial strain rate of 0.1 s-1 are shown in Fig. 
4 to compare the difference between these two deformation processes. It is obvious that the stress of tensile test is 
larger than that of compressive test before the sharp drop of tensile stress. The hardening and softening behaviours 
are distinctly different, which is considered to have relevance to the texture of material and microstructure 
evolution behaviour during deformation. 
 
 
Fig. 4. Stress-strain curves obtained by tensile and compressive tests at initial strain rate of 0.1 s-1. 
4. Discussion 
4.1. Activation energy of deformation 
The flow behaviour of material at elevated temperature is controlled by thermal activation, which is often 
described by Arrhenius type equation containing a variable of activation energy. For different stress levels, the 
relationship between strain rate and flow stress was expressed as power-type law, exponent-type law or hyperbolic-
type law, respectively.  
1
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n QA
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H V 
                   for  0.8DV  ,                                                                                              (1) 
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where Q is the activation energy of deformation, H  is strain rate, V  is flow stress, T is forming temperature, R is 
gas constant, 
1A , 2A , 3A , D , 1n , 2n  and E  are experimentally determined temperature-independent material 
constants. The power-type description of stress is preferred for low stress level. On the contrary, the exponent-type 
law is only suitable for high stress level. Eq. (3) is a kind of modified hyperbolic sinusoidal constitutive equation. 
It adapts the calculation at all stress levels and is considered to characterize the normal hot deformation behaviour 
well by many investigation results.  
Based on the known variables and experimental results, the activation energy and material constants can be 
obtained by transformation of Eq. (1) - (3) and linear regression analysis. The calculated activation energy of 
tensile test and compressive test at strain of 0.2 is 162.9 KJ/mol and 254.4 KJ/mol, respectively. It demonstrates 
that energy threshold which atoms have to stride in hot tension is smaller than that in hot compression. It also can 
be thought that the mechanism of tension and compression would be obviously different, considering the grain 
orientation and dislocation movement. 
4.2. Processing map 
During plastic forming, the input energy to material is converted to two complementary parts, one is the power 
dissipation by plastic work termed dissipation content G most of which is converted into heat, the other is the 
dissipation power termed dissipation co-content J which is related to the structural change of material. The 
relationship between G and J at any given temperature and strain rate was given by Prasad et al. (1984), 
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log
( ) ( )
logT T
J
m
G H H
V
H
w w
  
w w
  ,                                                                                                                             (4) 
and the co-content was represented as: 
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where m is strain rate sensitivity. 
If the proportion of J in input energy is large, the forming efficiency is high. A power dissipation efficiency 
parameter K  denoted by the power dissipation co-content ratio of material and ideal linear dissipater Jmax has been 
proposed as, 
max
2
1
J m
J m
K   
 .                                                                                                                                            (6) 
To improve the power dissipation theory, a criterion for instable plastic deformation is employed to estimate the 
instability condition caused by shear localization. The instability parameter was defined by Srinivasan et al. (1994), 
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An unstable plastic flow in the form of shear localization or cracks can be predicted during deformation process in 
the region with a negative [  value. 
The values of power dissipation efficiency parameter and instability parameter of different deformation 
processes are plotted in terms of strain rate and temperature to construct processing maps which are composed of 
power dissipation map (contour) and instability map (shadow region), as shown in Fig. 5. It can be seen from the 
two maps that the region of high temperature and low strain rate possesses higher power dissipation efficiency 
which indicates this condition is benefit for deformation. Only the value of efficiency in compression is higher than 
that in tension. The instability region is quite different from each other. In compressive test, the instability region 
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become larger and move to moderate temperature. These different flow behaviours might be related with 
metallurgical change in deformation. The reasonable hot deformation condition of 2024 aluminium alloy sheet for 
sheet-bulk metal forming can be determined as temperature region of 660-723 K and strain rate region of 0.001-
0.01 s-1 by comprehensively considering the two maps. 
 
    
Fig. 5. Processing map at strain of 0.2 in (a) tensile deformation and (b) compressive deformation. 
5. Conclusions 
The flow behaviours of 2024 aluminium alloy sheet during hot tension and hot compression were investigated 
to acquire the effect law of deformation parameters and determine reasonable forming conditions. The results show 
that the flow stress of tensile test is larger than that of compressive test, and there are significant differences in 
flow behaviour between the two conditions. Compared with the results of tensile test, the power efficiency in 
compressive test is higher, and the instability region is smaller, which probably is related with the texture of 
material and microstructure evolution during deformation. 
Acknowledgements 
The authors would like to express sincere gratitude for the grant from the NSFC (No. 51205143). 
References 
Cepeda-Jimenez, C.M., Ruano, O.A., Carsi, M., Carreno, F., 2012. Study of hot deformation of an Al–Cu–Mg alloy using processing maps and 
microstructural characterization. Materials Science and Engineering A, 552, 530-539. 
Merklein, M., Allwood, J.M., Behrens, B.-A., Brosius, A., Hagenah, H., Kuzman, K., Mori, K., Tekkaya, A.E., Weckenmann, A., 2012. Bulk 
forming of sheet metal.CIRP Annals – Manufacturing Technology, 61, 725-745. 
Prasad, Y.V.R.K., Gegel, H.L., Doraivelu, S.M., Malas, J.C., Morgan, J.T., Lark, K.A., Baker, D.A., 1984. Modeling of dynamic material 
behaviour in hot deformation: forging of Ti-6242. Metallurgical Transactions A, 15, 1883-1892. 
Seidt, J.D., Gilat, A., 2013. Plastic deformation of 2024-T351 aluminium plate over a wide range of loading conditions. International Journal of 
Solids and Structures, 50, 1781-1790. 
Srinivasan, N., Prasad, Y.V.R.K., 1994. Microstructural control in hot working of IN 718 superalloy using processing map. Metallurgical 
Transactions A, 25, 2275-2284. 
Wang, J.W., Duan, Q.Q., Huang, C.X., Wu, S.D., Zhang, Z.F., 2008. Tensile and compressive deformation behaviour s of commercially pure 
Al processed by equal-channel angular pressing with different dies. Materials Science and Engineering A, 496, 409-416. 
Zhao, D., Lampman, S., 2000. Hot tension and compression testing. Mechanical Testing. ASM Hanbook, 8, 152-163. 
